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Climate, snow and cloud seeding in the 
western U.S. 
• Climate trends, past and future 
• Effect of warming on the hydrologic cycle 
– Precipitation and snowpack 
– Snowmelt, evaporation, and streamflow 
• Cloud seeding, snowpack and streamflow 
– Concepts and research (past and present) 
– Potential in the Upper Colorado 
– Operational projects in the western U.S. 
– Upper Colorado River Basin Projects 
• Colorado, Utah, and Wyoming 
• Upper and Lower Basin interaction 
• Some summary points 






Upper Colorado Basin Mean Annual Temperature. 
Units: Degrees F. Annual: red. 11-year running mean: blue 
Data from PRISM: 1895-2005. 
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Upper Colorado River Water Year Precipitation. 
October through September. Units: Inches. 
Data from PRJ SM. Blue: annual. Red: 11-yr mean. 
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Red = decreases 
Blue = increases 
 
Mote et al. 
Climate Change Possibilities 
• BAMS, 2005 – Widespread decline in snowpack since 1950 
– Models suggest may be due to warming 
– So, losses may continue 
– Not as noticeable in the high mountains of the Upper Colorado 
• Current models suggest total precipitation may not change 
much 
– Difficult to predict on a regional scale 
– Streamflow still likely to decline due to warming effect 
– Precipitation increase needed to offset warming 
• Other possible changes with warming 
– Intensity of wet and dry periods could increase 
– Rainfall may increase while snowfall decreases (at lower 
elevations) 
– Snowmelt could come sooner and occur faster (big problem for 
agriculture) 
• Can wintertime cloud seeding mitigate any of these 
changes? 
Winter Cloud Seeding for Snowfall Augmentation 
• Conceptual model for winter cloud seeding 
• Past research that tested the model 
• Current research activities 
– Randomized experiments 
– Physical and trace chemical studies 
– Hydrologic modeling 
• Operational projects in the western U.S. 
• Upper Colorado River Basin Projects 
– Colorado, Utah, and Wyoming 
– Upper and Lower Basin interaction 
• Summary of snow augmentation status 
 
Ground-based seeding with silver iodide 
-10C 
-5C 
Conceptual Diagram of Orographic Cloud Seeding 
A Brief Review of Winter Seeding Concepts 
• Seeding material must be reliably produced 
•  Seeding material must be successfully transported to 
clouds over the intended target  
• Clouds must contain supercooled liquid water 
•  Sufficient dispersion of seeding material 
• Significant cloud volume must be affected by ice nuclei, 
so 
• Significant numbers of ice crystals can be formed 
•  Seeding material must reach the temperature needed for 
substantial ice crystal formation 
•  Depends on seeding material 
•  Ice crystals must reside in cloud long enough for growth 
and fallout over the target area 
Past Research 
• Ice nucleation properties of various substances 
• Transport and dispersion of seeding material 
– Mapping plumes with aircraft or mobile ground platforms 
– Plume dispersion models 
• Supercooled liquid water measurements 
– Aircraft sensors, mountain top icing sensors, microwave 
radiometers 
• Seeding induced (microphysical) changes to clouds 
– In cloud aircraft measurements 
– Mobile ground-based measurements 
– Ground-based remote sensing measurements 
– Inference from trace chemical analysis of snowfall 
• Seeding induced changes to precipitation/snowfall 
– Randomized experiments 
– Detailed case studies with high-resolution precipitation 
measurements (gauges or laser imaging probes) 
 
Ag and In 
Concentrations 
Radiometer LW 
Icing Sensor Counts 
Precipitation 
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Tracer gas and 
ice nuclei 
measurements 
AgI seeding from 
a single site 
Map the plume 
location with aircraft 














seeding plume with 
radar 
- same case that 
documented 
aerosol and ice 
crystal plumes 
Recent Research 
• Australian Snowy Mountain Project 
– Funded by Australian government and 
conducted by Snowy Hydro (power company) 
– 5-year study with randomized seeding of a 
single target 
– Published results showed a statistically 
significant 14% increase in target precipitation 
for “seeded” events 
– Statistical results strongly supported by trace 
chemical assessment 
• U. of Wyoming airborne radar study 
– Radar signal increase noted during seeding 
periods 
– Radar signal increase corresponds to a 
significant precipitation rate increase 
 
Trace chemical response to seeding during an Australian experiment 
Snow samples collected during each randomized experiment and analyzed for Ag and In 
Ag is part of the ice nucleant (AgI) 
In is an non-ice nucleating tracer 
A ratio of Ag to In that 
exceeds one indicates ice 
nucleation by AgI is 
contributing to the snowfall 
Recent Research (cont.) 
• WY Weather Modification Pilot Project 
– Dual-target experiment: one target randomly seeded 
when cloud conditions are similar over both targets:      
4-hour experimental units (EUs) 
– Statistical evaluation of paired seed vs. no-seed 
precipitation values – 200+ EUs desired 
– Targeting and environmental assessment using trace 
chemistry techniques 
– Unique use of atmospheric modeling for forecasting and 
evaluation of seeding events – new cloud microphysics 
module allows simulation of seeding 
– Hydrologic modeling to assess impact of seeding on 
streamflow in the North Platte River Basin 
• U. of WY airborne radar study being repeated 
– NSF funding (~$1M budget) with more ground based 
instrumentation 
– Attempting to verify earlier findings 
 
UW Cloud Radar  
• 3 mm (95 GHz, W-band), dual-polarization 
• pulse width: 250-500 ns 
• max range: 3-10 km 
• volume resolution @ 3 km range: < 40 m 
• minimum detectable signal (@ 1 km): ~-30 dBZ 
• Cloud droplets are much smaller than ice crystals, thus in a 
mixed-phase cloud, reflectivity is dominated by ice crystals. 
UW Cloud Lidar  
• non-coherent eyesafe backscatter lidar 
• up & down (down only for 4 out of 7 flights) 
• backscatter power & depolarization ratio 
• attenuated by cloud layers 
















51 -59 .I ' 
GHz 22-59 
\ 










crucial data for 
accurate weather 
forecast ing . 




Seeding materials & delivery methods 
Research on Wintertime Cloud Seeding in 
Mountainous Terrain 
 Case studies have verified all the links in the chain 
of the cloud seeding conceptual model 
 Ice crystal and precipitation enhancement has been 
documented through physical observations 
 Statistical evaluations have shown evidence of 
precipitation enhancement 
 Studies have also revealed situations when cloud 
seeding is ineffective 
 Still a lot to be learned in this field 
 
Operational Cloud Seeding Projects 
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Colorado Projects in WY2011 – Local Funding plus CWCB/LCRB grants 
2011 Colorado Cloud Seeding Target Areas 
Target Areas 
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Areas with snowfall 
augmentation 
potential in the UCRB 
1967-1968 Runoff 
Augmentation Estimates 
 10% increase 
1.3 – 1.9 MAF 
 
Hunter (USBR, 2005) 
2-year SNODAS w/+10% 
0.6 – 1.1 MAF 
 
Griffith/Solak (NAWC, 2006) 
NWS Runoff Model 
5-15% increase 
0.6 – 1.6 MAF 
Streamflow – the bottom line 
UCRB Cloud Seeding 
UCRB Cloud Seeding – Potential vs Reality 
 Potential runoff increase of 6 – 10% from cloud seeding 
 Requires a seeding program that comprehensively seeds all the areas 
noted in previous slide 
 Requires a > 10% snowfall enhancement to realize a 10% runoff 
increase – evaporation effect 
 Current projects are motivated by local/regional water concerns – 
diversions likely lessen the runoff reaching the CO River 
 What climate trends suggest 
 Cloud seeding will not significantly improve drought periods 
 Abnormally wet years avoided by state regulations 
 If warming leads to about a 10% reduction in streamflow seeding 
may be beneficial in offsetting some of the loss with added snow 
 Warming should not decrease cloud seeding opportunities over the 
high terrain of the Rocky Mountains 
 Early onset of runoff will be unaffected by cloud seeding – period of 
runoff would not be significantly changed 
 Another caveat 
 Cloud seeding potential is driven by conditions in a given winter – good 
cloud seeding conditions are as variable as precipitation itself 
 
Summing Up 
 Climate change (warming) likely to continue to decrease 
streamflow in the CO River Basin 
 Upper Basin cloud seeding could make up some of the 
deficit in winters that are neither very dry nor very wet 
 Cloud seeding effectiveness in the high terrain of the 
Upper Basin likely not changed by continued warming 
 Hydrologic modeling needs to be used (more) to assess 
runoff potential - particularly for current Upper Basin 
projects 
 A more comprehensive project is likely needed in the 
Upper Basin to reach the potential 6-10% runoff 
increase noted in feasibility studies 
 
